The spontaneously formed striped polarization nanodomain configuration of a PbTiO3/SrTiO3 superlattice transforms to a uniform polarization state under above-bandgap illumination with a time dependence varying with the intensity of optical illumination and a well-defined threshold intensity. Recovery after the end of illumination occurs over a temperature-dependent period of tens of seconds at room temperature and shorter times at elevated temperatures. A model in which the screening of the depolarization field depends on the population of trapped electrons correctly predicts the observed temperature and optical intensity dependence.
Epitaxial ferroelectric heterostructures and superlattices exhibit a range of complex polarization configurations, including nanodomain stripes, ferroelectric vortices, and skyrmions and raise the possibility that these configurations can be manipulated through nanoscale patterning. [1] [2] [3] [4] [5] Polarization configurations depends sensitively on the screening of the polarization by free charges and charge at surfaces and interfaces, which can be varied by creating a high population of optically excited charge carriers or via subsequent optically induced changes in the population of traps. [6] [7] [8] Optically induced carrier dynamics and charge trapping effects expand the range of phenomena available for the development of nanoscale polarization configurations. Precise optical control of nanoscale polarization also has the potential to yield optically switchable devices and electronic materials.
The ferroelectric polarization of PbTiO3/SrTiO3 (PTO/STO) ferroelectric/dielectric superlattices (SLs) spontaneously forms an intricate striped polarization pattern with nanometer-scale periodicity. 9, 10 The lateral period is on the order of 10 nm in SLs with few-nm repeating unit thicknesses. 11 Above-bandgap optical illumination induces a transformation in which the striped nanodomain pattern of these SLs changes to a uniform polarization state through a mechanism linked to depolarization field screening. 12 Similar optically driven transformations are also observed in other SLs with the same composition but more complex initial polarization states. 13 Ultrafast above-bandgap optical excitation of ferroelectrics leads to a transient lattice expansion driven by excited charge carriers. [14] [15] [16] [17] In BiFeO3 thin films, for example, the expansion arises on the picosecond timescale of acoustic pulse propagation through the layer thickness and subsequently decays as carriers recombine. 14, 16 In comparison with BiFeO3, however, PTO/STO SLs exhibit a complex recovery over a period of seconds at room temperature, which is not yet clearly explained. 12 3 This Letter reports time-resolved synchrotron x-ray diffraction measurements showing that the rate of the domain transformation depends strongly on the temperature and optical intensity. The time required for the transformation to the uniform polarization state, for example, is reduced by a factor of 5 when the optical intensity is increased from 1.1 W cm -2 to 2.8 W cm -2 . The recovery after the end of the illumination becomes dramatically faster at elevated temperatures. The rates of the transformation and subsequent recovery are accurately predicted by a model of the population of trapped charges and associated screening of the depolarization field.
X-ray diffraction studies were conducted at station 7-ID-C of the Advanced Photon Source of Argonne National Laboratory using the experimental arrangement in Fig. 1(a) . An
x-ray beam with 11 keV photon energy was focused to a 500 nm full width at half maximum (FWHM) spot on the SL. The diffracted x-ray intensity was recorded by a pixel array detector (Pilatus 100 K, Dectris, Ltd.). The pulsed optical pump beam had 60-fs duration, a wavelength of 400 nm (photon energy 3.1 eV), repetition rate of 1 kHz, and spot size 140 μm FWHM. With the sample is oriented to meet the Bragg condition for the 002 reflection of the SL, the optical beam was incident at an angle of 16 with respect to the surface normal. A comparison of the domain diffuse scattering patterns acquired with this arrangement and patterns acquired using less-intense laboratory x-ray sources indicates that the incident x-ray beam does not perturb the steady-state domain diffuse x-ray scattering. It is in principle possible, however, that the xrays have a subtle effect on the overall recovery dynamics. There is no evidence from the experimental data here, however, for that possibility. The optical absorption length in the PTO/STO SL is 1 μm for a photon energy of 3.1 eV, calculated using an effective medium approximation using the optical constants of PTO and STO. [18] [19] [20] [21] The PTO/STO SL thin film heterostructure was thus uniformly optically excited.
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The SL consisted of 23 repeats of 8 unit cells (u.c.) of PTO and 3 u.c. of STO, deposited on an SrRuO3 (SRO) thin film on an STO (001) substrate using off-axis radio-frequency sputtering. The 002 SL x-ray reflection is at out-of-plane wavevector Qz = 3.13 Å -1 with a corresponding ring of domain diffuse scattering intensity with in-plane radius 0.072 Å -1 at the same Qz, as illustrated Fig. 1(b) . The observation of a ring of diffuse scattering indicates that the ferroelectric striped nanodomains have random in-plane orientation. The in-plane reciprocal-space width of the domain diffuse scattering maximum corresponds to an in-plane stripe pattern coherence length of a few periods. The average SL lattice parameter in the outof-plane direction, cSL, and domain period Λ were 4.016 Å and 8.7 nm, respectively.
The domain diffuse scattering disappears during illumination, as in the lower panel of The optically induced transformation from the nanodomain state to the uniform polarization configuration can be described using a model in which the depolarization field driving the formation of domains is screened by optically excited carriers. 12 The screening is parameterized in a Landau-Ginsburg-Devonshire model of the transformation using a screening coefficient  that ranges from 0 (unscreened) to 1 (fully screened). 12 The free energy densities calculated for the uniform polarization and nanodomain configurations are plotted in Fig. 3(a) as function of . The nanodomain state is energetically favored when the depolarization field is unscreened at  =0. As  increases, the total free energies for both cases change due to the depolarization field screening effect. For values of  greater than 0.78, the uniform polarization state has lower free energy than the nanodomain configuration. A similar threshold phenomenon is observed at a slightly higher value of the screening parameter in 6 computational studies of individual ultrathin PTO and BaTiO3 layers. 22 We define the threshold charge concentration required to reach this critical value of  to be Nth.
Optical excitation leads to a change in carrier concentration and thus to a change in the screening. The recombination time constant for optically excited carriers has been previously observed to be on the order of nanoseconds to microseconds in ferroelectric thin films, far shorter than the recovery timescale evident in Fig. 1 . 23, 24 A significant population of carriers, however, can be trapped at defects before the fast recombination. 25 Electron and hole traps in ferroelectrics arise from valences changes of metal ions, 26 metal or oxygen vacancies or vacancy complexes, 27, 28 and impurities. 29 Trap energies vary widely, but generally range from 0.5 eV to 0.8 eV, and trapped charges can be trapped for durations on the order of seconds. 25 . 31 Here kB is the Boltzmann constant, C is a recombination rate constant that we assume to be the same for all traps, and T is the temperature.
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The concentration of trapped charges increases immediately following each optical pulse and relaxes during the interval between them. The trapped charge concentration resulting from a single optical pulse is Nt. The probability that a trap state i that is initially occupied at the time of optical excitation remains occupied after a time equal to the optical repetition rate is
The interval between optical pulses was tr = 1 ms. From a sum of the corresponding geometric series, the population Naccum,i(te,T) in the traps with index i at elapsed time te during illumination is:
The domain transformation occurs when Naccum,i exceeds Nth, as illustrated in Fig. 3(b) . After illumination ends the concentration of charges in each trap decreases exponentially with time constant τi.
The domain diffuse scattering intensity can be predicted by assuming that the relative contribution to domain diffuse scattering intensity from the region with index i is given by the unit step function H( , ( , ) − ℎ ). The total domain diffuse scattering intensity at elapsed time te during illumination is:
Here I0 is the initial domain intensity and n is the number of distinct trap energies. The simulation presented here includes a large enough value of n to approximate a continuous distribution of trap energies with equal concentration per unit energy. 25, 30 The precise value of n, and the range of energies for which agreement between the experiment and model was achieved, both varied slightly from location to location on the sample surface. The model in Fig. 3c used n=26 trap energies over the range from 800 to 900 meV. The model in Fig. 4 used n=21 trap energies in a range from 820 to 900 meV.
The predicted time dependence of domain diffuse scattering intensity at room temperature and 335 K is shown in Fig. 3(c) , which also compares the predicted intensity with experimental observations from Fig. 2(b) . The trapping model reproduces the time dependence of the recovery at both temperatures, with 90% recovery times of 80 s at room temperature and 1.5 s at 335 K. The charge trapping model also predicts the dependence of the domain transformation on the optical intensity. The predicted time dependence of Naccum/Nth for optical intensities of 1.1 and 2.8 W cm -2 and a single trap energy level at 860 meV are shown in Fig. 3(d) . The domain transformation occurs faster at higher optical intensity, with Naccum exceeding Nth at 8 s and 2 s after the start of illumination for 1.1 and 2.8 W cm -2 , respectively. Naccum decreases immediately after the end of illumination and passes Nth at 13 s and 37 s at 1.1 and 2.8 W cm -2 . 
